The secondary solidification phase of icosahedral (I-) phase in rolled MgZnY alloy is replaced with I + Ca 2 Mg 6 Zn 3 phases by addition of Ca. Addition of Ca in MgZnY alloy significantly accelerates dynamic and static recrystallization resulting in much fine grain size and more random texture. EBSD analysis indicates that the presence of Ca in the ¡-Mg solid solution matrix may play a role in weakening of basal texture rather than particle stimulation nucleation effect by the second solidification phases.
Introduction
Recently, there is a strong demand for light-weight alloys due to the social needs for energy-saving and environmentally friendly materials. From this point of view, magnesium alloy is considered as one of the promising candidates, since it has low density, high specific strength, excellent castability and good machinability. 1) Especially, wrought magnesium alloys, typically AZ31, AZ61 and ZK60 series alloys, have been investigated in detail to meet the strong demand for lightweight sheet products.
2) However, most of the magnesium alloys exhibit very low level of ductility and formability due to the crystal structure (hcp) of magnesium having a limited number of active slip systems. Furthermore in normal rolled magnesium alloy sheets, a strong (0 0 0 2) basal texture develops, resulting in large anisotropy and difficulty in the secondary forming process. Therefore, the enhancement of formability has been an important issue in developing wrought Mg alloy. Texture modification or weakening basal texture is known to be effective way to improve its formability.
3) A large number of researches have been performed basically in two ways: by processing condition control and by alloy chemistry control. In the former case, various processing techniques, such as severe plastic deformation (SPD), differential speed rolling (DSR) and cross rolling techniques have been applied to achieve grain size refinement and basal texture relaxation. 49) In the latter case, the addition of RE (rare earth element) elements to Mg alloy promotes to weak basal texture evolution, leading to enhanced ductility and reduced anisotropy. 10) Recent studies show that MgZnRE alloy (RE: rare earth element; Y, Gd) is a one of the most potential candidates providing a combination of strength and ductility for enhanced formability.
1116) Moreover, it has been shown that the more random texture can be obtained in secondary particle strengthened RE containing Mg alloys.
1721)
However, the detailed mechanism on the weakening or changing of basal texture is not clearly clarified, even though a few models are proposed to explain the phenomenon: (1) the more randomized texture in Y and RE containing Mg alloy is associated with particle stimulated nucleation (PSN) of recrystallization; 21, 22) and (2) the lower overall texture strength in wrought MgZnRE alloys is attributed to the solute content in the solid solution matrix, for example, Zn content in the ¡-Mg matrix. 19) It has been shown further that more random texture is possible even in solid solution type binary Mg alloy containing lower content of Y, indicating that formation of the texture is affected by the nature of ¡-Mg solid solution matrix. 23) Therefore, in the present study, with an aim to clarify in more detail the mechanism for texture evolution in MgZnY alloy, recrystallization and texture evolution in icosahedral (I-) phase particle strengthened MgZnY rolled sheet and I-and Ca 2 Mg 6 Zn 3 phase particle strengthened MgZnYCa rolled sheet has been compared. In MgZnCa system, Clark 24, 25) reported formation of two ternary compounds: Ca 2 Mg 6 Zn 3 and Ca 2 Mg 5 Zn 13 , and recently Zhang et al. 26) reported that the Ca 2 Mg 6 Zn 3 phase has a homogeneity composition range, Ca 3 Mg x Zn 15¹x (4.6¯x¯12). The structure of the Ca 2 Mg 6 Zn 3 phase has been reported to be P6 3 / mmc hexagonal structure 27) or P¹31C trigonal 28) structure. Based on the recent report on the existence of the orientation relationship between Ca 2 Mg 6 Zn 3 and ¡-Mg, 28, 29) implying a structural connectivity between two phases, the Ca 2 Mg 6 Zn 3 phase was selected as a secondary phase in addition to the I-phase by addition of Ca in MgZnY alloy.
Experimental
The alloy of Mg5 mass%Zn0.8 mass%Y, (Mg1.93 at%Zn0.23 at%Y, hereafter referred to as ZW) was selected because it forms an in-situ composites consisted of Iphase embedded in an ¡-Mg matrix and exhibits a good combination of strength and ductility. 25) In order to form a specimen consisted of I-phase, Ca 2 Mg 6 Zn 3 and ¡-Mg, alloy composition was determined based on the previously reported MgZnCa ternary isothermal section at 335°C 27) and the calculated MgZnYCa isothermal section at 350°C using Pandat 7 software (data base: Panmg7). As a result, the composition of Mg5 mass%Zn0.8 mass%Y0.3 mass%Ca (Mg1.93 at%Zn0.23 at%Y0.19 at%Ca, hereafter referred to as ZWC) was selected for Ca-containing alloy.
High purity metals with nominal compositions were melted in an electrical resistance furnace under a dynamic protective SF 6 + CO 2 gas by using a boron nitride (BN) coated steel crucible, followed by pouring the melt into the steel mold having a rectangular-shaped cavity with the dimensions of 60 mm in width, 15 mm in thickness, and 100 mm in height. The alloys were water quenched after homogenizing treatment at 350°C for 12 h, followed by hot rolling from the initial thickness of 10 mm to the final thickness of 1.0 mm (total reduction: ³90%). The roll temperature was ³160°C, and the billets were preheated at 350°C for 15 min before each step of rolling. Reduction ratio was gradually increased from initial ratio of 10% to final ratio of 40%. The microstructure was observed using an optical microscope (OM; LEICA DMRM) and transmission electron microscope (TEM; JEOL JEM 2100F). Thin foil specimens for TEM observation were prepared by ion beam milling (Gatan, PIPS 691) after mechanical thinning. The texture of the rolled samples was analyzed using X-ray diffraction (XRD; Rigaku CN2301) and electron back-scattered diffraction (EBSD; Tesca Mira II; FE-SEM,). For EBSD analysis the mechanically polished samples were electro-polished (Lectropol-5, Struers).
Results
The as-cast microstructure of ZW consisted of I-phase eutectic pocket embedded in the ¡-Mg matrix, as previously reported. 12) As shown in the TEM result ( Fig. 1) , I-phase was present together with Ca 2 Mg 6 Zn 3 phase in the interdendritic region of the ¡-Mg matrix of the as-cast ZWC alloy. The selected area diffraction patterns (SADPs) in Figs. 1(b) and 1(c) shows a two-fold rotational symmetry zone of the icosahedral phase and a [1 0 0] zone of the Ca 2 Mg 6 Zn 3 phase.
Figures 2(a) and 2(b) show the typical optical micrographs obtained from the ZW and ZWC as-rolled sheets. In the asrolled ZW sheet, a high density of twins were observed in the ¡-Mg grains with a grain size of ³75 µm, while with the addition of Ca, static and dynamic recrystallization took place extensively during the rolling process, resulting in a partially recrystallized microstructure with a significantly reduced grain size of ³14 µm. Figures 2(c) and 2(d) show typical optical micrographs obtained from the ZW and ZWC rolled sheets after annealing at 350°C for 30 min. The heavily twinned (ZW) or partially recrystallized (ZWC) microstructure in the as-rolled state transformed into a recrystallized microstructure with the average grain size of ³27 µm and ³9 µm in ZW and ZWC, respectively. Reminding the holding for 15 min at 350°C between rolling step, significant recrystallization (static and dynamic) proceeds in ZWC alloy during the rolling process, while insignificant recrystallization in ZW alloy. Therefore, the reduced grain size in ZWC rolled sheet is attributed to accumulation of static and dynamic recrystallization during each rolling step. It can be noticed that the grain size was significantly reduced by the addition of Ca in the MgZnY alloy rolled sheet.
Figures 3(a) and 3(b) compares the EBSD basal pole figures obtained from the normal direction of the rolled ZW and ZWC sheets after annealing at 350°C for 30 min, showing that the strong basal texture was significantly weakened with the addition of Ca. According to the graytone scale shown in Figs. 3(a) and 3(b) , maximum basal pole intensity in the ZW alloy was ³14, which was much higher than ³7 in the ZWC alloy.
To analyze the recrystallization and texture evolution behavior in more detail, the inverse pole figure (IPF) maps obtained from the same region in the as-rolled sheet sample (after 3rd rolling step, i.e. after rolling down to 7 mm from 10 mm thickness) and the sheet sample after annealing at 350°C for 5 min are compared in Fig. 4 Fig. 4(a) ), as already shown in Fig. 2(a) . Analysis of the orientation of the twinned region and the matrix revealed that tensile twins were dominantly formed during rolling process. After annealing at 350°C for 5 min, the microstructure remained almost same (Fig. 4(b) ). Only in one area marked as a dotted circle in Figs. 4(a) and 4(b) , formation of one recrystallized grain could be noticed throughout the entire region observed by EBSD analysis. On the other hand, in as-rolled ZWC alloy, twins were hardly observed (Fig. 4(c) ), indicating that the dynamic recrystallization occurred extensively during rolling process, as already shown in Fig. 2(b) . Moreover, after annealing at 350°C for 5 min, EBSD analysis shows that many new grains were formed by recrystallization (Fig. 4(d) ), weakening the basal texture. The results of EBSD analysis shown in Fig. 4 indicates that addition of Ca in ZWC alloy alleviates the strong basal texture remarkably and rapidly by accelerated recrystallization during rolling and annealing treatment.
Discussion
The results shown above indicate that the addition of Ca plays an important role in grain size refinement (Fig. 2) and texture evolution (Fig. 3) in the MgZnRE based alloys. The grain size decreases dramatically, and both dynamic and static recrystallization kinetics are accelerated with the addition of Ca in MgZnY alloy, as shown in Figs. 2 and 4 . The effect of secondary particle on the texture development of Mg alloy has been actively investigated recently. However, as mentioned above, the detailed mechanism on the weakening or changing of basal texture is not clearly clarified, i.e. the more randomized texture associated with PSN of recrystallization 21, 22) or the lower overall texture strength attributed to the solute content change in the solid solution matrix.
When the results in Figs. 4(a)4(b) and 4(c)4(d) are compared, it is clear that the dynamic and static recrystallization rate becomes significantly higher when Ca is added in MgZnY alloy. As discussed in the previous literatures, 19, 2123) in the case of ternary MgZnY alloy, PSN effect cannot be totally ignored as a possible mechanism for texture modification. PSN effect and matrix composition effect should be considered together as the possible mechanisms for the texture modification in ternary MgZn Y alloy. When considering the composition of the Cacontaining alloy, such a small amount of Ca addition will not significantly increase the volume fraction of the secondary solidification phase particles, which can affect the texture modification observed in the present study. Although small amount of Ca 2 Mg 6 Zn 3 secondary solidification particles still can modify the texture by PSN effect, major contribution for texture modification is suggested to be from the matrix composition change effect. Actually the encircled regions in Figs. 4(c) and 4(d) do not clearly support that the newly recrystallized grains are associated with secondary solidification particles. Therefore, the present results strongly supports that instead of the PSN effect for recrystallization, the change of the matrix composition by addition of Ca in MgZnY alloy plays a dominant role in accelerating dynamic and static recrystallization and weakening the basal texture.
The solute content in the ¡-Mg matrix of ZWC alloy sheets after annealing at 350°C for 30 min measured carefully using EDS in TEM was 3.29 at% Zn0.03 at% Y0.05 at% Ca. Presence of small amount of Ca in the solid solution matrix 
